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ABSTRACT
Over the years, it has become evident that microplastics are one of the most important con-
taminants of concern requiring significant attention. The large abundance of microplastics that 
are currently in the environment poses potential toxicity risks to all organisms that are exposed to 
them. Microplastics have been found to affect the physiological and biological processes in 
marine and terrestrial organisms. As well as being a contaminant of concern in itself, microplastics 
also have the ability to act as vectors for other contaminants. The potential for microplastics to 
carry pollutants and transfer them to other organisms has been documented in the literature. 
Microplastics have also been linked to hosting antibiotic resistant bacteria and antibiotic resis-
tance genes which poses a significant risk to the current health system. There has been 
a significant increase in research published surrounding the topic of microplastics over the last 
5 years. As such, it is difficult to determine and find up to date and relevant information. This 
overview paper aims to provide a snapshot of the current and emerging sources of microplastics, 
how microplastics can act as a contaminant and have toxic effects on a range of organisms and 
also be a vector for a large variety of other contaminants of concern. The aim of this paper is to 
act as a tool for future research to reference relevant and recent literature in this field.
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1. Introduction

The production of plastic has increased exponen-
tially since the 1950s, leading to approximately 
359 million tons of virgin plastic being produced 
per year [1]. The rise of using plastic materials in 
everyday life has unintentionally led to the emer-
gence of a contaminant that poses a serious concern 
to our environment. Microplastics are fragmented 
plastic pieces that are less than 5 mm in length, and 
due to their size, once they have been polluted into 
the environment, they are difficult to remove. 
Microplastics have been discovered in all corners of 
the globe, from Antarctica [2] to deserts [3]. The 
abundance of microplastics in the environment is 
significant and effect of the pollutant has become 
a topic of interest in the current literature.

Public concern over microplastic pollution has 
risen significantly over the years. Microplastics have 
the potential not only to be a toxic pollutant but also 
carry other contaminants of concern and transport 

them through the environment. Microplastics have 
been found to affect ingestion rates and feeding capa-
city in marine life [4,5], and also stunt and inhibit the 
growth of roots and leaves in plants [6,7]. 
Microplastics contaminated with fluoranthene have 
also been seen to transfer the pollutant from micro-
plastic to a host organism [8]. The full extent of issues 
associated with microplastics are still unknown but 
through recent studies, it is apparent that microplas-
tics should be classed as a significant contaminant of 
concern.

The popularity of researching microplastics has 
increased significantly over the last five years 
(Figure 1). With large volumes of knowledge 
about microplastics currently available, it is easy 
to become overwhelmed and it has become diffi-
cult to discover what information is relevant and 
up to date. The purpose of this overview paper is 
to summarize key aspects relating to the implica-
tions of microplastics as an emerging contaminant 
of concern. An insight into how microplastics are 
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not only a contaminant of concern in themselves 
but also have the potential to be a vector for other 
emerging contaminants will be discussed. Known 
and emerging sources of microplastics will be stu-
died and future research areas will be recom-
mended based on the findings of this brief 
overview.

2. Sources of microplastic pollution

Sources of microplastic pollution can be categor-
ized into two sub-categories: pollution caused by 
primary microplastics and pollution caused by 
secondary microplastics [9]. Primary microplastics 
are those that were manufactured already in the 
microplastics (<5 mm) size range, for example, 
pellets, nurdles, or fibers. Secondary microplastics 
are classified as plastics that have originated from 
plastics in the macro range (>5 mm). The full 
extent of all sources of secondary microplastics 
are still unknown, however common sources 
include the fragmentation of microplastics caused 
by weathering or abrasive forces and the genera-
tion of microplastics from tires on our roads [10].

With microplastics becoming an increasing 
topic of interest, source identification varies 
depending upon the literature in question. For 
example, research papers exploring the occurrence 
of microplastics in oceans or river systems may 
stipulate that the major source of microplastic 
pollution is from stormwater runoff and sewer 

discharge [11]. Although this is an important iden-
tification of the pathway in which microplastic 
pollution can travel, it is not the original source 
of the pollution. Wastewater treatment plants are 
known to act as a funnel for microplastic pollution 
[12], but how the microplastics end up using this 
pathway is still not entirely known. Determining 
original sources of microplastic pollution has 
become an important field in the current litera-
ture. Outlined in this section and illustrated in 
Figure 2 are the commonly known and emerging 
sources of microplastic pollution.

2.1. Macroplastic fragmentation

The reduction of macroplastics into microplas-
tics is one of the most common sources of 
microplastic pollution in the environment. In 
2018, an estimated 4% of the plastic that was 
produced entered the environment as pollution 
[13]. Although plastics can take hundreds of 
years to completely degrade in the natural envir-
onment [14], fragmentation from macro size 
plastics in to the micro size range occurs 
throughout the entire degradation process. 
Plastics fragmentation is caused by the exposure 
to chemical (photodegradation, thermo- 
oxidative degradation, hydrolytic degradation), 
physical (abrasive forces) and biological stressors 
[15]. A substantial amount of microplastic 

Figure 1. Number or articles on scopus and web of science based on the search of the words ‘microplastic’ or ‘micro-plastic’.
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pollution that is generated through fragmenta-
tion comes from the physical stressors applied to 
automotive tires [16]. Through appropriate 
management of plastic pollution, a reduction in 
secondary microplastics being released into the 
environment can be seen.

2.2 Nurdle spills

Nurdles (plastic pellets) are the precursor to all plastics 
products that have ever been manufactured. As such, 
nurdles are shipped for further processing all around 
the globe. In recent years, citizen science programs 
(AUSMap, The Great Nurdle Hunt, Nurdle Patrol), 
have discovered a high abundance of nurdles washing 
up on coastlines across all continents (Figure 3).

In 2016, it was estimated that 230,000 tons of nur-
dles were entering the environment on an annual basis 
[18]. Nurdles can enter the environment through 
a range of pathways, with a common pathway being 
the unintentional release from cargo ships. In 2021, Sri 
Lanka saw approximately 1,680 tons of nurdles spill 
into their oceans after a cargo ship caught fire [19]. 
Similarly, in 2017, a cargo ship off South Africa was hit 
by a storm and lost two shipping containers that were 
transporting nurdles [20]. Although not intentional, 
nurdle spills have become a significant source of 
microplastic pollution into the environment.

2.3 Textile washing

With the introduction of synthetic fibers into the 
textile industry came the unintentional release of 
microplastic pollutants into the environment 
[21]. Microplastics are predominantly generated 
during the production of the textile material and 
during the domestic washing of the material. In 
2011, a study investigating the microplastics gen-
erated during the domestic washing of a singular 
polyester garment found it generated more than 
1900 microplastic fibers per wash [22]. Study’s 
considering factors that increase microplastic 
fiber generation rates found detergent to increase 
the generation of polyester microfibres by more 
than 75% [23]. Microplastics generated through 
domestic washing ends up in wastewater treat-
ment plants which were not specifically designed 
to tackle this emerging contaminant [24]. As this 
source of microplastic pollution cannot be feasi-
bly removed, remediation methods for reducing 
the environmental impact are currently being 
studied within the literature. Reduction in envir-
onmental loading of microplastics from textiles 
has been seen through the physical remediation 
strategies of attaching filters to washing machines 
[25,26], and through chemical modifications 
applied during the production of the synthetic 
textile [27].

Figure 2. Common and emerging sources of microplastic pollution.

BIOENGINEERED 345



2.4. Emerging sources

Understanding and investigating all sources of micro-
plastic pollution is important to mitigating the emer-
ging issues and concerns that microplastics are 
associated with. Alongside the previously mentioned 
sources of microplastic pollution, that are well docu-
mented in the literature, comes emerging sources that 
require immediate attention to reduce its environ-
mental impact.

2.4.1. Tea bags
In the past couple of years, an unexpected source 
of microplastic pollution has come from one of the 
most popular beverages in the world – tea. The use 
of plastic materials in the construction of tea bags 
is to enhance the integrity of the bag when sub-
merged in liquid. Limited literature is available on 
the generation of microplastics during the brewing 
of tea using synthetic materials, however initial 
studies have shown that microplastics are being 

generated and at significant volumes. A study by 
Hernandez et al. [28] stated that 11.6 billion 
microplastics and 3.1 billion nano plastics are 
generated in a single cup of tea brewed with 
nylon and PET tea bags. Afrin et al. [29] also 
studied the release of microplastics from bagged 
tea, however only found there to be 504 particles 
per cup. Given that the differences in reporting are 
quite significant, the generation rates are currently 
inconclusive but it is apparent that tea bags do in 
fact release microplastics.

2.4.2. Plastic recycling facilities
Although plastic recycling facilities are on the fore-
front of reducing the overall impact of overuse of 
plastic materials, they have recently been spot-
lighted as a potentially large polluter of microplas-
tics into our environment. When the plastic waste 
enters a recycling facility, it is reduced in size 
through the process of shredding [30]. Due to its 
mechanical nature of the shredder, it is expected to 

Figure 3. Locations where nurdles have been discovered on coastline. Research led by the international citizen science program ‘The 
Great Nurdle Hunt’ [17].
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generate plastic particles smaller than necessary. 
After the shredding process, the plastic waste mate-
rial is then washed to remove any contaminants 
such as food waste or adhesives [31]. It is in this 
process where microplastics may unintentionally be 
left in the wastewater and pollute the environment. 
Research into this field has only just begun, with 
initial findings confirming the occurrence of micro-
plastics being linked to plastic recycling facilities 
[32,33]. Further research into factors that affect 
generation rates and environmental loading 
amounts are still required to determine the signifi-
cance of the source as a microplastic polluter.

2.4.3. Crumbed rubber in playgrounds
End-of-life tires have been a material that has over-
whelmed the waste management industry with 
countless issues, from illegal stockpiling to difficul-
ties in landfilling. Over the years, there have been 
numerous attempts to deal with the material, but 
currently, there is no perfect solution [34]. The trans-
formation of end-of-life tires into a reusable product 
has always been the goal. One of these inventions 
was recycling tires into rubber crumb that can be 
used as the softfall surfaces for playground equip-
ment. However, an unintentional downside to this 
recycling solution has found the rubber crumb soft-
fall to be a source of microplastic pollution [35]. 
AUSMAP, a globally recognized citizen science pro-
gram in Australia, worked in collaboration with 
ReefClean to investigate rubber crumb loss from 
playgrounds in the Great Barrier Reef catchment 
[36]. The report discovered approximately 
1.2 million rubber crumbs were released from the 
playgrounds in the catchment area. Crumbed rubber 
for playground use was once seen as a great waste 
management strategy for end-of-life tires, however 
due to the unintentional release of microplastics, it 
has now been found to be a new material of environ-
mental concern.

2.4.4. Covid-19 medical waste
During the COVID-19 pandemic there was 
a significant increase in the use of personal pro-
tective equipment (PPE) to reduce the spread of 
infection. To keep costs down, most of the PPE 
used in a hospital setting is made of a plastic, 
typically polypropylene (PP) [37]. With the signif-
icant increase in single-use plastic PPE, comes the 

potential consequence of improper disposal. 
Recent studies have suggested that COVID-19 
medical waste has a high probability of becoming 
a significant source of microplastic pollution in 
our environment [38,39]. As we are still in the 
tail end of the pandemic, it is important to focus 
on this area of study and ensure that we appro-
priately manage the waste produced from the 
COVID-19 pandemic.

3. Microplastics as a contaminant of concern

Microplastic pollution has been documented in 
terrestrial, aquatic, and atmospheric environments 
[40–42]. The trophic transfer of microplastics in 
the aquatic food chain [43] has unavoidably seen 
the exposure of microplastics in the human body 
[44]. The spread of microplastics through nature is 
significant, and the effect that microplastic con-
tamination has on humans, flora, and fauna is 
a particular focus of the current literature.

3.1 Effect of microplastics on humans

Due to the emerging nature of microplastic pollu-
tion, it is not yet clear what the associated human 
health risks are. Humans can be exposed to micro-
plastics through ingestion, inhalation, and even 
through dermal contact [45]. Reviews on the effect 
of microplastic contamination on humans are 
available; however, the information currently pro-
vides no definite conclusions [45–47]. 
Nevertheless, through investigating the effect that 
microplastics have on other organisms, linkages 
for health effects that may occur in humans can 
be discussed. For example, cytotoxicity may be 
prompted by microplastic contamination in the 
human body, as the particles are not membrane 
bound and could potentially interact with cell 
structures [48]. This has been illustrated in 
a study that performed an in vitro lab testing on 
environmentally collected plastic particles which 
ultimately evoked cytotoxicity [49]. Difficulties 
researching the human health effects of microplas-
tics exist due to the issues potentially not arising 
until years after the exposure. It is important to 
monitor and continue researching in this field as 
humans are estimated to ingest 39,000–52,000 
microplastic particles every year [50].
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3.2 Effect of microplastics on fauna

The current literature has a greater focus on the 
effect of microplastics on aquatic fauna com-
pared to their terrestrial counterpart. This is 
predominately due to microplastic pollution 
tending to follow pathways that end up in aqua-
tic environment, hence there is a greater expo-
sure of the contaminant to aquatic fauna [51][]. 
Table 1 gives a brief overview of studies inves-
tigating the toxic effect of microplastics on 
fauna. It is evident that microplastics can have 
negative consequences on the physiological and 
biological processes of a variety of species. For 
example, microplastics ingested by mice were 
found to impair skeletal muscle regeneration 
[62] and when ingested by copepods (crusta-
ceans), a decrease in ingestion rate and swim-
ming speed was reported [4]. Although aquatic 
fauna has been the focus of the current literature 
due to the higher probability of exposure, it is 
still important to research into the toxic effect of 
microplastics on terrestrial fauna. Research has 
begun looking into microplastics effect on ter-
restrial organisms however there are still signifi-
cant gaps in the literature. Filling these gaps will 
showcase a holistic understanding of the effects 
of microplastics on all faunae.

3.3 Effect of microplastics on flora

Microplastics have the ability to enter plant com-
munities through soil mediums [64]. Once micro-
plastics have been adsorbed by a plant, they have 
the potential to influence the plants biomass, 
influence the nutrient uptake, impact the growth 
of the plants roots and leaves, and can also affect 
germination rates [65–67]. Table 2 briefly outlines 
recent literature that has investigated the effects 
that microplastics can have on different plant 
species. Although all combinations of microplas-
tics and plant species are yet to be studied, the 
current literature states that in general, the occur-
rence of microplastics in plants has negative 
impacts. It is important to continue investigating 
the impacts that microplastics are having on plant 
populations as they are a vital key to a sustainable 
future.

4. Microplastics as a vector for contaminants 
of concerns

As well as being a significant contaminant of con-
cern, microplastics also have the ability to act as 
vectors for a wide range of different chemical and 
biological contaminants [73]. The current litera-
ture has highlighted microplastics ability to adsorb 
chemical contaminants such as pharmaceuticals 
and personal care products [74], per-fluorinated 
alkyl substances [75], polyaromatic hydrocarbons 
[76], polychlorinated biphenyls [77], heavy metals 
[78], and polybrominated diethers [79]. On top of 
the chemical contaminants, microplastics also can 
act as vectors for both bacteria and viruses [80]. 
Microplastics ability to adsorb pharmaceuticals, 
especially antibiotics, is a particular focus of the 
current literature due to the potential links 
between antibiotic sorption onto microplastics 
and the development of antibiotic resistant bac-
teria (ARB) and antibiotic resistance genes (ARGs) 
[81]. Understanding the mechanisms behind 
microplastics acting as carriers for contaminants 
and what factors affect contaminant carrying capa-
city is important in understanding the implica-
tions and impact that this has on the health of 
humans and our environment.

4.1. Mechanisms of microplastic–contaminant 
interactions

Current literature states that there are three pri-
mary mechanisms that allow microplastics to act 
as vectors for a variety of contaminants, namely, 
hydrophobic interactions, electrostatic interac-
tions, and pore filling interactions [74]. 
Hydrophobic interactions involve two nonpolar 
substances aggregating caused by the presence of 
a polar medium such as water. Many polymers 
(PET, PS, PP, and PE) are naturally hydrophobic 
materials, allowing hydrophobicity to be a primary 
driver in microplastics acting as vectors for a range 
of contaminants [82]. Sorption of antibiotics onto 
microplastics, particularly PE was found to be 
heavily influenced by hydrophobic interactions 
[83–86]. Electrostatic interaction is the process of 
two molecules being either attracted or repulsed 
through positive or negatively charged molecules 
[87,88]. The attraction between oppositely charged 
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molecules gives microplastics the ability to interact 
with and become a vector for contaminants. This 
was illustrated through the sorption experiment of 
negatively charged PE particles, with a negatively 
charged antibiotic and a positively charged phar-
maceutical [85]. Higher sorption rates were found 
between the microplastics, and the pharmaceuti-
cals compared to the microplastics and the anti-
biotics. This was due to the electrostatic 
interactions being favorable for the microplastic 
and pharmaceutical combination as they were 
oppositely charged. Pore filling interactions 
involve the physical process of contaminants 
becoming encased in the micro or nano pores of 
microplastics [89,90]. Pore filling interactions can 
have higher influence on the sorption of contami-
nants depending on the properties that the poly-
mer exhibits. Due to the structure of glassy 
polymers (PS, PVC, and PA), pore filling interac-
tions has the highest influence on sorption capa-
city [91]. Weathered polymers are susceptible to 
an increased number of pores and cracks on the 
surface, allowing for more sites for pore filling 
interactions to occur [92].

The above-mentioned mechanisms are stated to 
be the three dominant interactions that allow micro-
plastics to act as vectors for contaminants, however, 
it is noted that secondary interactions do play impor-
tant roles in this process (Figure 4). Van der Waals 
interactions and π–π interactions are further 
mechanisms that are present in the complex interac-
tions that occur when microplastics act as vectors for 
contaminants, however, these interactions have not 
been reported as thoroughly in the literature.

4.2. Polymer-specific factors that affect sorption 
capacity

Polymer type, degree of degradation, and parti-
cle size all play critical roles in affecting the 
sorption capacity of contaminants onto micro-
plastics [93]. The effect of different polymer 
types affecting sorption capacity was illustrated 
through the research performed by Guo et al. 
[94]: the sorption capacity of six different virgin 
polymers (PS, PE, PVC, PA, PET, PP) and the 
antibiotic sulfamethazine was investigated. This 
study found that the sorption capacity of the 
antibiotic onto the microplastic increased in the 
following order: PET < PE < PS < PVC < PP < 
PA. If polymer type played no role in sorption 
capacity, it would have been expected that all six 
polymers had the same sorption capacity poten-
tial. The differences in sorption capacity between 
polymers can be attributed to the different che-
mical structures that each polymer exhibits and 
the mechanism that influence sorption capacity 
that was mentioned in Section 4.1. Similar 
results have been seen for other contaminants 
within the current literature [84,86,95,96]. 
Within the current literature that has investi-
gated sorption capacity of antibiotics onto 
microplastics, it has been found that microplas-
tic degradation significantly increases sorption 
capacity (Table 3). It is expected that the 
increase in sorption of antibiotics on degraded 
microplastics is due to the increase in pores and 
cracks on the surface of the microplastics, allow-
ing for more locations for antibiotics to be 
sorbed [95,97]. Although particle size does not 

Table 2. Brief snapshot of the recent literature surrounding the toxic effect of microplastics on plants.
Plant Species Microplastic Toxic Effect Reference

Common Duckweed 
(Spirodela polyrhiza)

PS Microplastics absorbed to the roots of the plant but did not show any signs of growth 
impairment.

[68]

Common bladderwort 
(Utricularia vulgaris)

PS High levels of ecotoxicity and oxidative damage was reported. Growth rate was also found 
to been affected by microplastic presence.

[69]

Welsh Onion (Allium 
fistulosum)

PA, PE, PP, 
PET

Altered the traits of the leaves and roots. [70]

English Ryegrass (Lolium 
perenne)

PLA Bud length was reduced, and the rate of germination decreased [71]

Wheat (Triticum  
aestivum L.)

PS Increased carbon/nitrogen levels. Reduction in the absorption of micronutrients. Increased 
root elongation.

[72]

Lettuce (Lactuca sativa L.) PS Decreased nutrient accumulation as well as a reduction in plant growth. [6]
Garden cress (Lepidium 

sativum L.)
PVC High doses of PVC seen a reduction in root length, shoot length and gemination rate [7]

*PET = Polyethylene terephthalate, PS = Polystyrene, PP = Polypropylene, PLA = Polylactic Acid, PA = Polyamide, PVC = Polyvinyl chloride. 
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affect sorption capacity of contaminants as much 
as other parameters, such as polymer type and 
surface area, it still plays a role in the sorption 
kinetics between microplastic and contaminant 
[88]. Cui et al. [101] investigated the sorption of 

organic contaminants onto different microplas-
tics and found that although the size did not 
significantly affect sorption capacity, it did affect 
equilibrium time. It is clear that there are poly-
mer-specific factors that can either increase or 

Table 3. Investigation of the effect of microplastics degradation on antibiotic sorption (adapted from [93]).

Antibiotic
Microplastics 

Type

Antibiotic 
Concentration 

(mg/L) Method of degradation
% increase or decrease in 

antibiotic sorption due to aging Reference

Amoxicillin TWP 
PE

0.5–8 Heat activated potassium persulfate aging 
process (15 days)

24% increase 
67% increase

[97]

Ciprofloxacin PS 
PVC

2–25 UVC treated (4 × 15W bulbs) for 96 hours and 
shaken every 24 hours

123.3% increase 
20.4% increase

[98]

Ciprofloxacin PLA 
PVC

5 UVA treated by 50W/m2 lamp for 72 hours 34% increase 
20.6% increase

[95]

Chlortetracycline TWP 
PE

0.5–8 Heat activated potassium persulfate aging 
process (15 days)

154% increase 
130% increase

[97]

Oxytetracycline TPU 2.5–40 UV treated by 5 mW/cm2 lamp for 10 days, 
shaken every 12 hours

87.5% increase [99]

Oxytetracycline PS 2–50 PS foam found on beaches in China (age 
unknown)

110% increase [92]

Oxytetracycline PLA 0–12 Microbial degradation 39% increase [100]
Tetracycline PLA 

PVC
5 UVA treated by 50W/m2 lamp for 72 hours 171% increase 

133% increase
[95]

*PET = Polyethylene terephthalate, PS = Polystyrene, PE = Polyethylene, PLA = Polylactic Acid, TWP = Tyre Wear Particles, PVC = Polyvinyl chloride. 

Figure 4. Primary and secondary mechanism that allow microplastics to act as vectors for contaminants.
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decrease the sorption capacity of contaminants 
onto microplastics, and it is never just one factor 
that has influence over the reaction. The combi-
nations the polymer properties, the media that 
the reaction is taken place in and the contami-
nant properties all play a dynamic and complex 
roles when trying to understand the sorption 
capacity potential [93].

4.3. Implications of microplastics acting as 
vectors for contaminants

When organisms are exposed to microplastics 
there is the potential that the contaminants 
attached to the microplastics can spread to the 
host organism. The transfer of polycyclic aromatic 
hydrocarbons (PAH) and heavy metals from 
microplastics to an exposed organism has been 
documented in recent literature. Stollberg et al. 
[8] investigated the toxic effect that microplastics 
contaminated with fluoranthene had on blue mus-
sels. The study illustrated the blue mussels that 
were exposed to the contaminated microplastics 
had greater levels of the PAH in its tissues when 
compared to the control sample, indicating the 
transfer of fluoranthene from the microplastic to 
the host organism. The increased toxic effect of 
contaminated microplastics has also been illu-
strated when heavy metals was the studied pollu-
tant. Tunali et al. [102] demonstrated that when 
microalgae was exposed to PS contaminated with 
magnesium, copper, and zinc, its growth was 
inhibited. Zhang et al. [103] investigated the 
toxic effects of PS contaminated with cadmium 
on zebrafish and discovered the embryo develop-
ment was significantly affected. Limited studies are 
currently available on the effects of microplastics 
that are contaminated with antibiotics on organ-
isms [93], but it is suggested that when the com-
bination of the two pollutants are ingested by 
aquatic organisms, it would have a greater effect 
on the health of the organism than if the organism 
was exposed to each pollutant individually [43].

Another consequence of antibiotic sorption 
onto microplastics is the possibility of the forma-
tion of ARB and ARGs on the surface of micro-
plastics. This is due to the microplastic having the 
ability to host both bacterial communities and 
antibiotics [104]. Biofilms containing a high 

concentration of microbial cells can form on the 
surface of microplastics [105]. The long exposure 
of these bacterial communities to antibiotics 
increase the chance for some microbial cells to 
develop a resistance to the antibiotic [106]. 
Bacteria that are then resistant to the antibiotic 
survives and multiplies, eventually creating 
a bacterial community that now has a high anti-
biotic resistance. Microplastics have been found to 
have the capacity to be vectors for ARGs in landfill 
leachate, in sewage, in aquatic environments and 
in terrestrial environments [107–111]. The same 
pathways that microplastics enter the environment 
through are shared commonly with antibiotics, 
allowing for the occurrence and potential genera-
tion of ARB and ARGs to become more common. 
Further implications around microplastics acting 
as vectors for contaminants arise when trophic 
transport of the pollutant through food chains 
occur. A potential source for microplastics in 
human beings is thought to be through the food 
chain [44]. With microplastics acting as vectors for 
a range of contaminants, there is the potential that 
they will bioaccumulate through the food chain 
and spread their toxicity across all organisms 
involved (Figure 5) [112].

5. Future perspectives

This article provides a brief overview of the cur-
rent literature on the sources and implications of 
microplastics being an emerging contaminant. 
Future research areas that will have a high impact 
should focus on:

● Further investigation of emerging microplas-
tic sources. To understand microplastic as 
a contaminant in the environment as 
a whole, first we need to understand where 
the sources for microplastic pollution is com-
ing from. Once sources have been located, 
remediation strategies can be applied to 
limit the environmental loading of 
microplastics.

● Further evaluation of the toxic effect of 
microplastics on terrestrial fauna. As stated 
in this review, most of the fauna that has been 
studied has been marine based. Investigating 
the toxicity of the pollutant on land-based 
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mammal will create a further understanding 
of the effects that microplastics may have on 
humans.

● Further research into the formation and 
occurrence of ARB and ARGs on microplas-
tic pollution. A lot of strain has been put on 
the health system after the COVID-19 global 
pandemic. Antibiotic resistance is an area 
that will have a potentially deadly conse-
quence on the way the health system oper-
ates. Understanding how ARB and ARGs are 
formed is critically important, and since 
microplastic may be a hotspot for this, it is 
a significantly important research area.

6. Conclusions

This overview paper discussed the implications of 
microplastics being an emerging contaminant of 
concern. As well as being a contaminant of con-
cern in itself, microplastics also have the ability to 
act as vectors for other contaminants. The ability 
of microplastics to host both antibiotics and bac-
terial communities on the same surface, leads to 
the possibility of microplastics being vectors for 
ARB and ARGs. Many gaps in the literature are 

still present, and with the significant abundance of 
the pollutant in the environment, it is best that 
research focuses on all aspects surrounding micro-
plastics to greater our understanding.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research has been carried out with the support of the 
Australian Government Research Training Program 
Scholarship to Michael Stapleton, through University of 
Wollongong.

Data availability statement

This was a meta-analysis of the data from articles available in 
the open literature.

Author contribution statement

Michael J. Stapleton Conceptualization, Investigation, 
Writing – original draft.

Faisal I. Hai: Conceptualization, Supervision, Writing – 
Reviewing and Editing.

Figure 5. Trophic transfer of microplastics and contaminants through the food chain (adapted from [93].

BIOENGINEERED 353



All authors agree to be accountable for all aspects of the 
work. All authors confirm that they meet the criteria for 
authorship as per the ICMJE criteria.

ORCID

Faisal I. Hai http://orcid.org/0000-0002-0480-4343

References

[1] Geyer R. Plastic waste and recycling. Letcher, T.M., ed. 
Academic Press;2020. pp. 13–32. doi: 10.1016/B978- 
0-12-817880-5.00002-5

[2] Gurumoorthi K, Luis AJ. Recent trends on microplas-
tics abundance and risk assessment in coastal 
Antarctica: Regional meta-analysis. Environ Pollut. 
2023;324:121385. doi: 10.1016/j.envpol.2023.121385

[3] Abbasi S, Turner A, Hoseini M, et al. Microplastics in 
the Lut and Kavir Deserts, Iran. Environ Sci Technol. 
2021;55(9):5993–6000. doi: 10.1021/acs.est.1c00615

[4] Cole M, Lindeque P, Fileman E, et al. The impact of 
polystyrene microplastics on feeding, function and 
fecundity in the marine copepod Calanus 
helgolandicus. Environ Sci Technol. 2015;49 
(2):1130–1137. doi: 10.1021/es504525u

[5] Wright SL, Rowe D, Thompson RC, et al. Microplastic 
ingestion decreases energy reserves in marine worms. 
Curr Biol. 2013;23(23):R1031–R1033. doi: 10.1016/j. 
cub.2013.10.068

[6] Lian J, Liu W, Meng L, et al. Foliar-applied polystyrene 
nanoplastics (PSNPs) reduce the growth and nutri-
tional quality of lettuce (Lactuca sativa L.). Environ 
Pollut. 2021;280:116978. doi: 10.1016/j.envpol.2021. 
116978

[7] Pflugmacher S, Sulek A, Mader H, et al. The influence 
of new and artificial aged microplastic and leachates on 
the germination of Lepidium sativum L. Plants. 2020;9 
(3):339. doi: 10.3390/plants9030339

[8] Stollberg N, Kröger SD, Reininghaus M, et al. Uptake 
and absorption of fluoranthene from spiked microplas-
tics into the digestive gland tissues of blue mussels, 
Mytilus edulis L. Chemosphere. 2021;279:130480. doi:  
10.1016/j.chemosphere.2021.130480

[9] Duis K, Coors A. Microplastics in the aquatic and 
terrestrial environment: sources (with a specific focus 
on personal care products), fate and effects. 
Environmental Sciences Europe. 2016;28(1):1–25. doi:  
10.1186/s12302-015-0069-y

[10] Faure F, Demars C, Wieser O, et al. Plastic pollution in 
Swiss surface waters: nature and concentrations, inter-
action with pollutants. Environ Chem. 2015;12 
(5):582–591. doi: 10.1071/EN14218

[11] Kurniawan TA, Haider A, Ahmad HM, et al. Source, 
occurrence, distribution, fate, and implications of micro-
plastic pollutants in freshwater on environment: A critical 

review and way forward. Chemosphere. 2023;325:138367. 
doi: 10.1016/j.chemosphere.2023.138367

[12] Altuğ H, Erdoğan Ş. Wastewater treatment plants as 
a point source of plastic pollution. Water Air Soil 
Pollut. 2022;233(12). doi: 10.1007/s11270-022-05962-6

[13] Wayman C, Niemann H. The fate of plastic in the 
ocean environment – a minireview. Environ Sci 
Processes Impacts. 2021;23(2):198–212. doi: 10.1039/ 
D0EM00446D

[14] Barnes DK, Galgani F, Thompson RC, et al. 
Accumulation and fragmentation of plastic debris in 
global environments. Philos Trans R Soc B. 2009;364364 
(1526):1985–1998. doi: 10.1098/rstb.2008.0205

[15] Weinstein JE, Crocker BK, Gray AD. From macroplas-
tic to microplastic: Degradation of high-density poly-
ethylene, polypropylene, and polystyrene in a salt 
marsh habitat. Environ Toxicol Chem. 2016;35 
(7):1632–1640. doi: 10.1002/etc.3432

[16] Jan Kole P, Löhr AJ, Van Belleghem FGAJ, et al. Wear 
and tear of tyres: A stealthy source of microplastics in 
the environment. Int J Environ Res Public Health. 
2017;14(10):1265. doi: 10.3390/ijerph14101265

[17] The Great Nurdle Hunt, Worldwide Nurdle Map; 
2023, [accessed 2023 May 5]. https://www.nurdlehunt. 
org.uk/full-screen-nurdle-map

[18] Tunnell JW, Dunning KH, Scheef LP, et al. Measuring 
plastic pellet (nurdle) abundance on shorelines 
throughout the Gulf of Mexico using citizen scientists: 
Establishing a platform for policy-relevant research. 
Mar Pollut Bull. 2020;151:110794. doi: 10.1016/j.mar 
polbul.2019.110794

[19] De Vos A, Aluwihare L, Youngs S, et al. The M/V 
X-press Pearl Nurdle spill: Contamination of burnt 
plastic and unburnt nurdles along Sri Lanka’s beaches. 
ACS Environmental Au. 2021;2(2):128–135. doi: 10. 
1021/acsenvironau.1c00031

[20] Schumann EH, MacKay CF, Strydom NA. Nurdle drif-
ters around South Africa as indicators of ocean struc-
tures and dispersion. South African J Sci. 2019;115(5– 
6):1–9. doi: 10.17159/sajs.2019/5372

[21] Boucher J, Friot D. Primary microplastics in the 
oceans: a global evaluation of sources. Switzerland: 
Iucn Gland; 2017. doi: 10.2305/IUCN.CH.2017.01.en

[22] Browne MA, Crump P, Niven SJ, et al. Accumulation 
of microplastic on shorelines worldwide: sources and 
sinks. Environ Sci Technol. 2011;45(21):9175–9179. 
doi: 10.1021/es201811s

[23] Hernandez E, Nowack B, Mitrano DM. Polyester tex-
tiles as a source of microplastics from households: 
a mechanistic study to understand microfiber release 
during washing. Environ Sci Technol. 2017;51 
(12):7036–7046. doi: 10.1021/acs.est.7b01750

[24] Freeman S, Booth AM, Sabbah I, et al. Between source 
and sea: The role of wastewater treatment in reducing 
marine microplastics. J Environ Manage. 
2020;266:110642. doi: 10.1016/j.jenvman.2020.110642

354 M. J. STAPLETON AND F. I. HAI

https://doi.org/10.1016/B978-0-12-817880-5.00002-5
https://doi.org/10.1016/B978-0-12-817880-5.00002-5
https://doi.org/10.1016/j.envpol.2023.121385
https://doi.org/10.1021/acs.est.1c00615
https://doi.org/10.1021/es504525u
https://doi.org/10.1016/j.cub.2013.10.068
https://doi.org/10.1016/j.cub.2013.10.068
https://doi.org/10.1016/j.envpol.2021.116978
https://doi.org/10.1016/j.envpol.2021.116978
https://doi.org/10.3390/plants9030339
https://doi.org/10.1016/j.chemosphere.2021.130480
https://doi.org/10.1016/j.chemosphere.2021.130480
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1071/EN14218
https://doi.org/10.1016/j.chemosphere.2023.138367
https://doi.org/10.1007/s11270-022-05962-6
https://doi.org/10.1039/D0EM00446D
https://doi.org/10.1039/D0EM00446D
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1002/etc.3432
https://doi.org/10.3390/ijerph14101265
https://www.nurdlehunt.org.uk/full-screen-nurdle-map
https://www.nurdlehunt.org.uk/full-screen-nurdle-map
https://doi.org/10.1016/j.marpolbul.2019.110794
https://doi.org/10.1016/j.marpolbul.2019.110794
https://doi.org/10.1021/acsenvironau.1c00031
https://doi.org/10.1021/acsenvironau.1c00031
https://doi.org/10.17159/sajs.2019/5372
https://doi.org/10.2305/IUCN.CH.2017.01.en
https://doi.org/10.1021/es201811s
https://doi.org/10.1021/acs.est.7b01750
https://doi.org/10.1016/j.jenvman.2020.110642


[25] Akita Y, Goto S, Tokai T. Effect of lint filters attached 
to washing machines on reduction in emission of 
microplastic fibers. J Japan Res Assoc Text End-Uses. 
2023;64(3):39–48.

[26] Choi JH, Jung YJ, Kim HJ, et al. A Janus branch filter for 
washing machines: Simultaneous removal of microplas-
tics and surfactants. Chemosphere. 2023;331:138741. doi:  
10.1016/j.chemosphere.2023.138741

[27] Rathinamoorthy R, Raja Balasaraswathi S. 
Characterization of microfibers released from chemi-
cally modified polyester fabrics — a step towards miti-
gation. Sci Total Environ. 2023;866:161317. doi: 10. 
1016/j.scitotenv.2022.161317

[28] Hernandez LM, Xu EG, Larsson HCE, et al. Plastic 
teabags release billions of microparticles and nanopar-
ticles into Tea. Environ Sci Technol. 2019;53 
(21):12300–12310. doi: 10.1021/acs.est.9b02540

[29] Afrin S, Rahman MM, Akbor MA, et al. Is there tea 
complemented with the appealing flavor of microplas-
tics? A pioneering study on plastic pollution in com-
mercially available tea bags in Bangladesh. Sci Total 
Environ. 2022;837:155833. doi: 10.1016/j.scitotenv. 
2022.155833

[30] Flizikowski J, Kruszelnicka W, Macko M. The devel-
opment of efficient contaminated polymer materials 
shredding in recycling processes. Polymers. 2021;13 
(5):1–44. doi: 10.3390/polym13050713

[31] Altieri VG, De Sanctis M, Sgherza D, et al. Treating 
and reusing wastewater generated by the washing 
operations in the non-hazardous plastic solid waste 
recycling process: Advanced method vs. conventional 
method. J Environ Manage. 2021;284:284. doi: 10.1016/ 
j.jenvman.2021.112011

[32] Guo Y, Xia X, Ruan J, et al. Ignored microplastic 
sources from plastic bottle recycling. Sci Total 
Environ. 2022;838:156038. doi: 10.1016/j.scitotenv. 
2022.156038

[33] Suzuki G, Uchida N, Tuyen LH, et al. Mechanical 
recycling of plastic waste as a point source of micro-
plastic pollution. Environ Pollut. 2022;303:119114. doi:  
10.1016/j.envpol.2022.119114

[34] Arot E, Asrah H, Lim CH. A review on the effect of crumb 
rubber in civil engineering applications. J Phys. 2022;2314 
(1):012027. doi: 10.1088/1742-6596/2314/1/012027

[35] Fořt J, Kobetičová K, Böhm M, et al. Environmental 
consequences of rubber crumb application: Soil and 
water pollution. Polymers. 2022;14(7):1416. doi: 10. 
3390/polym14071416

[36] ReefClean,Rubber Crumb Loss Assessment From Play 
Areas in The Great Barrier Reef Catchment 2021; 
[accessed 2023 May 8]. Available from: https://www. 
ausmap.org/post/rubber-crumb-research-released

[37] De-la-Torre GE, Aragaw TA. What we need to know 
about PPE associated with the COVID-19 pandemic in 
the marine environment. Mar Pollut Bull. 
2021;163:111879. doi: 10.1016/j.marpolbul.2020.111879

[38] Dey TK, Rasel M, Roy T, et al. Post-pandemic micro/ 
nanoplastic pollution: Toward a sustainable 
management. Sci Total Environ. 2023;867:161390. doi:  
10.1016/j.scitotenv.2023.161390

[39] Mohana AA, Islam MM, Rahman M, et al. Generation 
and consequence of nano/microplastics from medical 
waste and household plastic during the COVID-19 
pandemic. Chemosphere. 2023;311:137014. doi: 10. 
1016/j.chemosphere.2022.137014

[40] Alimi OS, Farner Budarz J, Hernandez LM, et al. 
Microplastics and nanoplastics in aquatic environ-
ments: aggregation, deposition, and enhanced contami-
nant transport. Environ Sci Technol. 2018;52 
(4):1704–1724. doi: 10.1021/acs.est.7b05559

[41] Truong TNS, Strady E, Kieu-Le TC, et al. Microplastic 
in atmospheric fallouts of a developing Southeast Asian 
megacity under tropical climate. Chemosphere. 
2021;272:272. doi: 10.1016/j.chemosphere.2021.129874

[42] Zhang S, Wang J, Yan P, et al. Non-biodegradable 
microplastics in soils: A brief review and challenge. 
J Hazard Mater. 2021;409:124525. doi: 10.1016/j.jhaz 
mat.2020.124525

[43] Tang Y, Liu Y, Chen Y, et al. A review: Research 
progress on microplastic pollutants in aquatic 
environments. Sci Total Environ. 2021;766:142572. 
The Great Nurdle Hunt 2023 Worldwide Nurdle 
Map. doi: 10.1016/j.scitotenv.2020.142572

[44] Zarus GM, Muianga C, Hunter CM, et al. A review of 
data for quantifying human exposures to micro and 
nanoplastics and potential health risks. Sci Total 
Environ. 2021;756:144010. doi: 10.1016/j.scitotenv. 
2020.144010

[45] Prata JC, da Costa JP, Lopes I, et al. Environmental 
exposure to microplastics: An overview on possible 
human health effects. Sci Total Environ. 
2020;702:134455. doi: 10.1016/j.scitotenv.2019.134455

[46] Blackburn K, Green D. The potential effects of micro-
plastics on human health: What is known and what is 
unknown. Ambio. 2022;51(3):518–530. doi: 10.1007/ 
s13280-021-01589-9

[47] Wang W, Gao H, Jin S, et al. The ecotoxicological 
effects of microplastics on aquatic food web, from 
primary producer to human: A review. Ecotoxicol 
Environ Saf. 2019;173:110–117. doi: 10.1016/j.ecoenv. 
2019.01.113

[48] Geiser M, Rothen-Rutishauser B, Kapp N, et al. 
Ultrafine particles cross cellular membranes by non-
phagocytic mechanisms in lungs and in cultured cells. 
Environ Health Perspect. 2005;113(11):1555–1560. doi:  
10.1289/ehp.8006

[49] Furukuma S, Fujii N. In vitro cytotoxicity evaluation of 
plastic marine debris by colony-forming assay. 
Japanese J Environ Toxicol. 2016;19(2):71–81.

[50] Cox KD, Covernton GA, Davies HL, et al. Human 
consumption of microplastics. Environ Sci Technol. 
2019;53(12):7068–7074. doi: 10.1021/acs.est.9b01517

BIOENGINEERED 355

https://doi.org/10.1016/j.chemosphere.2023.138741
https://doi.org/10.1016/j.chemosphere.2023.138741
https://doi.org/10.1016/j.scitotenv.2022.161317
https://doi.org/10.1016/j.scitotenv.2022.161317
https://doi.org/10.1021/acs.est.9b02540
https://doi.org/10.1016/j.scitotenv.2022.155833
https://doi.org/10.1016/j.scitotenv.2022.155833
https://doi.org/10.3390/polym13050713
https://doi.org/10.1016/j.jenvman.2021.112011
https://doi.org/10.1016/j.jenvman.2021.112011
https://doi.org/10.1016/j.scitotenv.2022.156038
https://doi.org/10.1016/j.scitotenv.2022.156038
https://doi.org/10.1016/j.envpol.2022.119114
https://doi.org/10.1016/j.envpol.2022.119114
https://doi.org/10.1088/1742-6596/2314/1/012027
https://doi.org/10.3390/polym14071416
https://doi.org/10.3390/polym14071416
https://www.ausmap.org/post/rubber-crumb-research-released
https://www.ausmap.org/post/rubber-crumb-research-released
https://doi.org/10.1016/j.marpolbul.2020.111879
https://doi.org/10.1016/j.scitotenv.2023.161390
https://doi.org/10.1016/j.scitotenv.2023.161390
https://doi.org/10.1016/j.chemosphere.2022.137014
https://doi.org/10.1016/j.chemosphere.2022.137014
https://doi.org/10.1021/acs.est.7b05559
https://doi.org/10.1016/j.chemosphere.2021.129874
https://doi.org/10.1016/j.jhazmat.2020.124525
https://doi.org/10.1016/j.jhazmat.2020.124525
https://doi.org/10.1016/j.scitotenv.2020.142572
https://doi.org/10.1016/j.scitotenv.2020.144010
https://doi.org/10.1016/j.scitotenv.2020.144010
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1289/ehp.8006
https://doi.org/10.1289/ehp.8006
https://doi.org/10.1021/acs.est.9b01517


[51] Thompson, R C. Microplastics in the marine environ-
ment: sources, consequences and solutions. In: 
Bergmann M, Gutow L, Klages M, editors. Marine 
anthropogenic litter; 2015. p. 185–200. doi: 10.1007/ 
978-3-319-16510-3_7

[52] Watts AJ, Urbina MA, Corr S, et al. Ingestion of plastic 
microfibers by the crab Carcinus maenas and its effect 
on food consumption and energy balance. Environ Sci 
Technol. 2015;49(24):14597–14604. doi: 10.1021/acs. 
est.5b04026

[53] Lu Y, Zhang Y, Deng Y, et al. Uptake and accumula-
tion of polystyrene microplastics in zebrafish (Danio 
rerio) and toxic effects in liver. Environ Sci Technol. 
2016;50(7):4054–4060. doi: 10.1021/acs.est.6b00183

[54] Jabeen K, Li B, Chen Q, et al. Effects of virgin 
microplastics on goldfish (Carassius auratus). 
Chemosphere. 2018;213:323–332. doi: 10.1016/j.che 
mosphere.2018.09.031

[55] Yin L, Chen B, Xia B, et al. Polystyrene microplastics 
alter the behavior, energy reserve and nutritional com-
position of marine jacopever (Sebastes schlegelii). 
J Hazard Mater. 2018;360:97–105. doi: 10.1016/j.jhaz 
mat.2018.07.110

[56] Romano N, Ashikin M, Teh JC, et al. Effects of pristine 
polyvinyl chloride fragments on whole body histology 
and protease activity in silver barb Barbodes goniono-
tus fry. Environ Pollut. 2018;237:1106–1111. doi: 10. 
1016/j.envpol.2017.11.040

[57] Alnajar N, Jha AN, Turner A. Impacts of microplastic 
fibres on the marine mussel, Mytilus galloprovinciallis. 
Chemosphere. 2021;262:128290. doi: 10.1016/j.chemo 
sphere.2020.128290

[58] Ronda AC, Blasina G, Renaud LC, et al. Effects of 
microplastic ingestion on feeding activity in 
a widespread fish on the southwestern Atlantic coast: 
Ramnogaster arcuata (Clupeidae). Sci Total Environ. 
2023;892:164715. doi: 10.1016/j.scitotenv.2023.164715

[59] Huerta Lwanga E, Gertsen H, Gooren H, et al. 
Microplastics in the terrestrial ecosystem: 
Implications for lumbricus terrestris (Oligochaeta, 
Lumbricidae). Environ Sci Technol. 2016;50 
(5):2685–2691. doi: 10.1021/acs.est.5b05478

[60] Lahive E, Walton A, Horton AA, et al. Microplastic 
particles reduce reproduction in the terrestrial worm 
Enchytraeus crypticus in a soil exposure. Environ 
Pollut. 2019;255:113174. doi: 10.1016/j.envpol.2019. 
113174

[61] Muhammad A, Zhou X, He J, et al. Toxic effects of 
acute exposure to polystyrene microplastics and nano-
plastics on the model insect, silkworm Bombyx mori. 
Environ Pollut. 2021;285:117255. doi: 10.1016/j.envpol. 
2021.117255

[62] Shengchen W, Jing L, Yujie Y, et al. Polystyrene 
microplastics-induced ROS overproduction disrupts 
the skeletal muscle regeneration by converting myo-
blasts into adipocytes. J Hazard Mater. 
2021;417:125962. doi: 10.1016/j.jhazmat.2021.125962

[63] Wei J, Wang X, Liu Q, et al. The impact of polystyrene 
microplastics on cardiomyocytes pyroptosis through 
NLRP3/Caspase-1 signaling pathway and oxidative 
stress in Wistar rats. Environ Toxicol. 2021;36 
(5):935–944. doi: 10.1002/tox.23095

[64] Yu ZF, Song S, Xu XL, et al. Sources, migration, accu-
mulation and influence of microplastics in terrestrial 
plant communities. Environ Exp Bot. 2021;192: doi: 10. 
1016/j.envexpbot.2021.104635

[65] Gan Q, Cui J, Jin B. Environmental microplastics: 
Classification, sources, fates, and effects on plants. 
Chemosphere. 2023;313:137559. doi: 10.1016/j.chemo 
sphere.2022.137559

[66] Ge J, Li H, Liu P, et al. Review of the toxic effect of 
microplastics on terrestrial and aquatic plants. Sci Total 
Environ. 2021;791:148333. doi: 10.1016/j.scitotenv. 
2021.148333

[67] Li J, Yu S, Yu Y, et al. Effects of microplastics on higher 
plants: A review. Bull Environ Contam Toxicol. 
2022;109(2):241–265. doi: 10.1007/s00128-022-03566-8

[68] Dovidat LC, Brinkmann BW, Vijver MG, et al. Plastic 
particles adsorb to the roots of freshwater vascular 
plant Spirodela polyrhiza but do not impair growth. 
Limnol Oceanogr Lett. 2020;5(1):37–45. doi: 10.1002/ 
lol2.10118

[69] Yu H, Zhang X, Hu J, et al. Ecotoxicity of polystyrene 
microplastics to submerged carnivorous Utricularia 
vulgaris plants in freshwater ecosystems. Environ 
Pollut. 2020;265:114830. doi: 10.1016/j.envpol.2020. 
114830

[70] de Souza Machado AA, Lau CW, Kloas W, et al. 
Microplastics can change soil properties and affect 
plant performance. Environ Sci Technol. 2019;53 
(10):6044–6052. doi: 10.1021/acs.est.9b01339

[71] Boots B, Russell CW, Green DS. Effects of microplas-
tics in soil ecosystems: above and below ground. 
Environ Sci Technol. 2019;53(19):11496–11506. doi:  
10.1021/acs.est.9b03304

[72] Lian J, Wu J, Xiong H, et al. Impact of polystyrene 
nanoplastics (PSNPs) on seed germination and seed-
ling growth of wheat (Triticum aestivum L.). J Hazard 
Mater. 2020;385:121620. doi: 10.1016/j.jhazmat.2019. 
121620

[73] Caruso G. Microplastics as vectors of contaminants. 
Mar Pollut Bull. 2019;146:921–924. doi: 10.1016/j.mar 
polbul.2019.07.052

[74] Atugoda T, Vithanage M, Wijesekara H, et al. 
Interactions between microplastics, pharmaceuticals 
and personal care products: Implications for vector 
transport. Environ Int. 2021;149:106367. doi: 10.1016/ 
j.envint.2020.106367

[75] Llorca M, Schirinzi G, Martínez M, et al. Adsorption of 
perfluoroalkyl substances on microplastics under 
environmental conditions. Environ Pollut. 
2018;235:680–691. doi: 10.1016/j.envpol.2017.12.075

[76] Sørensen L, Rogers E, Altin D, et al. Sorption of PAHs 
to microplastic and their bioavailability and toxicity to 

356 M. J. STAPLETON AND F. I. HAI

https://doi.org/10.1007/978-3-319-16510-3_7
https://doi.org/10.1007/978-3-319-16510-3_7
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1016/j.chemosphere.2018.09.031
https://doi.org/10.1016/j.chemosphere.2018.09.031
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.1016/j.envpol.2017.11.040
https://doi.org/10.1016/j.envpol.2017.11.040
https://doi.org/10.1016/j.chemosphere.2020.128290
https://doi.org/10.1016/j.chemosphere.2020.128290
https://doi.org/10.1016/j.scitotenv.2023.164715
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1016/j.envpol.2019.113174
https://doi.org/10.1016/j.envpol.2019.113174
https://doi.org/10.1016/j.envpol.2021.117255
https://doi.org/10.1016/j.envpol.2021.117255
https://doi.org/10.1016/j.jhazmat.2021.125962
https://doi.org/10.1002/tox.23095
https://doi.org/10.1016/j.envexpbot.2021.104635
https://doi.org/10.1016/j.envexpbot.2021.104635
https://doi.org/10.1016/j.chemosphere.2022.137559
https://doi.org/10.1016/j.chemosphere.2022.137559
https://doi.org/10.1016/j.scitotenv.2021.148333
https://doi.org/10.1016/j.scitotenv.2021.148333
https://doi.org/10.1007/s00128-022-03566-8
https://doi.org/10.1002/lol2.10118
https://doi.org/10.1002/lol2.10118
https://doi.org/10.1016/j.envpol.2020.114830
https://doi.org/10.1016/j.envpol.2020.114830
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.jhazmat.2019.121620
https://doi.org/10.1016/j.jhazmat.2019.121620
https://doi.org/10.1016/j.marpolbul.2019.07.052
https://doi.org/10.1016/j.marpolbul.2019.07.052
https://doi.org/10.1016/j.envint.2020.106367
https://doi.org/10.1016/j.envint.2020.106367
https://doi.org/10.1016/j.envpol.2017.12.075


marine copepods under co-exposure conditions. 
Environ Pollut. 2020;258:113844. doi: 10.1016/j. 
envpol.2019.113844

[77] Pyl M, Danis B, Oberhaensli F, et al. An effective 
method to assess the sorption dynamics of PCB radio-
tracers onto plastic and sediment microparticles. 
MethodsX. 2021;8:101395. doi: 10.1016/j.mex.2021. 
101395

[78] Wang Q, Zhang Y, Wangjin X, et al. The adsorption 
behavior of metals in aqueous solution by microplastics 
effected by UV radiation. J Environ Sci. 
2020;87:272–280. doi: 10.1016/j.jes.2019.07.006

[79] Singla M, Díaz J, Broto-Puig F, et al. Sorption and 
release process of polybrominated diphenyl ethers 
(PBDEs) from different composition microplastics in 
aqueous medium: Solubility parameter approach. 
Environ Pollut. 2020;262:114377. doi: 10.1016/j. 
envpol.2020.114377

[80] Joo SH, Liang Y, Kim M, et al. Microplastics with 
adsorbed contaminants: Mechanisms and Treatment. 
Environ Challenges. 2021;3:100042. doi: 10.1016/j. 
envc.2021.100042

[81] Dong H, Chen Y, Wang J, et al. Interactions of micro-
plastics and antibiotic resistance genes and their effects 
on the aquaculture environments. J Hazard Mater. 
2021;403:123961. doi: 10.1016/j.jhazmat.2020.123961

[82] Torres FG, Dioses-Salinas DC, Pizarro-Ortega CI, et al. 
Sorption of chemical contaminants on degradable and 
non-degradable microplastics: Recent progress and 
research trends. Sci Total Environ. 2021;757:143875. 
doi: 10.1016/j.scitotenv.2020.143875

[83] Guo X, Wang J. Sorption of antibiotics onto aged 
microplastics in freshwater and seawater. Mar Pollut 
Bull. 2019;149: doi: 10.1016/j.marpolbul.2019.110511

[84] Li J, Zhang K, Zhang H. Adsorption of antibiotics on 
microplastics. Environ Pollut. 2018;237:460–467. doi:  
10.1016/j.envpol.2018.02.050

[85] Razanajatovo RM, Ding J, Zhang S, et al. Sorption and 
desorption of selected pharmaceuticals by polyethylene 
microplastics. Mar Pollut Bull. 2018;136:516–523. 
ReefClean 2021 Rubber Crumb Loss Assessment 
From Play Areas in The Great Barrier Reef 
Catchment. doi: 10.1016/j.marpolbul.2018.09.048

[86] Xu B, Liu F, Brookes PC, et al. The sorption kinetics 
and isotherms of sulfamethoxazole with polyethylene 
microplastics. Mar Pollut Bull. 2018;131:191–196. doi:  
10.1016/j.marpolbul.2018.04.027

[87] Bolan NS, Naidu R, Syers JK, et al. Advances in agr-
onomy. Sparks, D.L., ed. Academic Press; 1999. pp. 
87–140. doi: 10.1016/S0065-2113(08)60514-3

[88] Tourinho PS, Kočí V, Loureiro S, et al. Partitioning of 
chemical contaminants to microplastics: Sorption 
mechanisms, environmental distribution and effects 
on toxicity and bioaccumulation. Environ Pollut. 
2019;252:1246–1256. doi: 10.1016/j.envpol.2019.06.030

[89] Liu X, Xu J, Zhao Y, et al. Hydrophobic sorption 
behaviors of 17Β-Estradiol on environmental micro-
plastics. Chemosphere. 2019b;226:726–735. doi: 10. 
1016/j.chemosphere.2019.03.162

[90] Uber TH, Hüffer T, Planitz S, et al. Characterization of 
sorption properties of high-density polyethylene using 
the poly-parameter linearfree-energy relationships. 
Environ Pollut. 2019;248:312–319. doi: 10.1016/j. 
envpol.2019.02.024

[91] Hüffer T, Hofmann T. Sorption of non-polar organic 
compounds by micro-sized plastic particles in aqueous 
solution. Environ Pollut. 2016;214:194–201. doi: 10. 
1016/j.envpol.2016.04.018

[92] Zhang H, Wang J, Zhou B, et al. Enhanced adsorption 
of oxytetracycline to weathered microplastic polystyr-
ene: Kinetics, isotherms and influencing factors. 
Environ Pollut. 2018;243:1550–1557. doi: 10.1016/j. 
envpol.2018.09.122

[93] Stapleton MJ, Ansari AJ, Hai FI. Antibiotic sorption 
onto microplastics in water: A critical review of the 
factors, mechanisms and implications. Water Res. 
2023;233:119790. doi: 10.1016/j.watres.2023.119790

[94] Guo X, Liu Y, Wang J. Sorption of sulfamethazine onto 
different types of microplastics: A combined experi-
mental and molecular dynamics simulation study. 
Mar Pollut Bull. 2019;145:547–554. doi: 10.1016/j.mar 
polbul.2019.06.063

[95] Fan X, Zou Y, Geng N, et al. Investigation on the 
adsorption and desorption behaviors of antibiotics by 
degradable MPs with or without UV ageing process. 
J Hazard Mater. 2021b;401:123363. doi: 10.1016/j.jhaz 
mat.2020.123363

[96] Guo X, Pang J, Chen S, et al. Sorption properties of tylosin 
on four different microplastics. Chemosphere. 
2018;209:240–245. doi: 10.1016/j.chemosphere.2018.06. 
100

[97] Fan X, Gan R, Liu J, et al. Adsorption and desorption 
behaviors of antibiotics by tire wear particles and poly-
ethylene microplastics with or without aging processes. 
Sci Total Environ. 2021a;771:145451. doi: 10.1016/j.sci 
totenv.2021.145451

[98] Liu GZ, Zhu ZL, Yang YX, et al. Sorption behavior and 
mechanism of hydrophilic organic chemicals to virgin 
and aged microplastics in freshwater and seawater. 
Environ Pollut. 2019a;246:26–33. doi: 10.1016/j. 
envpol.2018.11.100

[99] Xue XD, Fang CR, Zhuang HF. Adsorption behaviors of 
the pristine and aged thermoplastic polyurethane micro-
plastics in Cu(II)-OTC coexisting system. J Hazard Mater. 
2021;407:13. doi: 10.1016/j.jhazmat.2020.124835

[100] Sun Y, Wang X, Xia S, et al. New insights into oxyte-
tracycline (OTC) adsorption behavior on polylactic 
acid microplastics undergoing microbial adhesion and 
degradation. Chem Eng J. 2021;416:129085. doi: 10. 
1016/j.cej.2021.129085

BIOENGINEERED 357

https://doi.org/10.1016/j.envpol.2019.113844
https://doi.org/10.1016/j.envpol.2019.113844
https://doi.org/10.1016/j.mex.2021.101395
https://doi.org/10.1016/j.mex.2021.101395
https://doi.org/10.1016/j.jes.2019.07.006
https://doi.org/10.1016/j.envpol.2020.114377
https://doi.org/10.1016/j.envpol.2020.114377
https://doi.org/10.1016/j.envc.2021.100042
https://doi.org/10.1016/j.envc.2021.100042
https://doi.org/10.1016/j.jhazmat.2020.123961
https://doi.org/10.1016/j.scitotenv.2020.143875
https://doi.org/10.1016/j.marpolbul.2019.110511
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.marpolbul.2018.09.048
https://doi.org/10.1016/j.marpolbul.2018.04.027
https://doi.org/10.1016/j.marpolbul.2018.04.027
https://doi.org/10.1016/S0065-2113(08)60514-3
https://doi.org/10.1016/j.envpol.2019.06.030
https://doi.org/10.1016/j.chemosphere.2019.03.162
https://doi.org/10.1016/j.chemosphere.2019.03.162
https://doi.org/10.1016/j.envpol.2019.02.024
https://doi.org/10.1016/j.envpol.2019.02.024
https://doi.org/10.1016/j.envpol.2016.04.018
https://doi.org/10.1016/j.envpol.2016.04.018
https://doi.org/10.1016/j.envpol.2018.09.122
https://doi.org/10.1016/j.envpol.2018.09.122
https://doi.org/10.1016/j.watres.2023.119790
https://doi.org/10.1016/j.marpolbul.2019.06.063
https://doi.org/10.1016/j.marpolbul.2019.06.063
https://doi.org/10.1016/j.jhazmat.2020.123363
https://doi.org/10.1016/j.jhazmat.2020.123363
https://doi.org/10.1016/j.chemosphere.2018.06.100
https://doi.org/10.1016/j.chemosphere.2018.06.100
https://doi.org/10.1016/j.scitotenv.2021.145451
https://doi.org/10.1016/j.scitotenv.2021.145451
https://doi.org/10.1016/j.envpol.2018.11.100
https://doi.org/10.1016/j.envpol.2018.11.100
https://doi.org/10.1016/j.jhazmat.2020.124835
https://doi.org/10.1016/j.cej.2021.129085
https://doi.org/10.1016/j.cej.2021.129085


[101] Cui W, Hale RC, Huang Y, et al. Sorption of represen-
tative organic contaminants on microplastics: Effects of 
chemical physicochemical properties, particle size, and 
biofilm presence. Ecotoxicol Environ Saf. 
2023;251:114533. doi: 10.1016/j.ecoenv.2023.114533

[102] Tunali M, Uzoefuna EN, Tunali MM, et al. Effect of 
microplastics and microplastic-metal combinations on 
growth and chlorophyll a concentration of Chlorella 
vulgaris. Sci Total Environ. 2020;743: doi: 10.1016/j. 
scitotenv.2020.140479

[103] Zhang R, Wang M, Chen X, et al. Combined toxicity of 
microplastics and cadmium on the zebrafish embryos 
(Danio rerio). Sci Total Environ. 2020a;743:140638. 
doi: 10.1016/j.scitotenv.2020.140638

[104] Liu Y, Liu W, Yang X, et al. Microplastics are a hotspot for 
antibiotic resistance genes: Progress and perspective. Sci 
Total Environ. 2021;773:145643. doi: 10.1016/j.scitotenv. 
2021.145643

[105] Piergiacomo F, Brusetti L, Pagani L. Understanding 
the interplay between antimicrobial resistance, 
microplastics and xenobiotic contaminants: A leap 
towards one health? Int J Environ Res Public 
Health. 2022;20(1):42. doi: 10.3390/ijerph2001 
0042

[106] Tuvo B, Scarpaci M, Bracaloni S, et al. Microplastics 
and antibiotic resistance: The magnitude of the pro-
blem and the emerging role of hospital wastewater. 
Int J Environ Res Public Health. 2023;20(10):5868. 
doi: 10.3390/ijerph20105868

[107] Guo XP, Sun XL, Chen YR, et al. Antibiotic resistance 
genes in biofilms on plastic wastes in an estuarine 
environment. Sci Total Environ. 2020;745:140916. doi:  
10.1016/j.scitotenv.2020.140916

[108] Lu XM, Lu PZ, Liu XP. Fate and abundance of anti-
biotic resistance genes on microplastics in facility vege-
table soil. Sci Total Environ. 2020;709:136276. doi: 10. 
1016/j.scitotenv.2019.136276

[109] Su Y, Zhang Z, Zhu J, et al. Microplastics act as vectors for 
antibiotic resistance genes in landfill leachate: The 
enhanced roles of the long-term aging process. Environ 
Pollut. 2021;270:116278. doi: 10.1016/j.envpol.2020. 
116278

[110] Zhang Y, Lu J, Wu J, et al. Potential risks of micro-
plastics combined with superbugs: Enrichment of anti-
biotic resistant bacteria on the surface of microplastics 
in mariculture system. Ecotoxicol Environ Saf. 
2020b;187:109852. doi: 10.1016/j.ecoenv.2019.109852

[111] Zhao Y, Gao J, Wang Z, et al. Responses of bacterial 
communities and resistance genes on microplastics to anti-
biotics and heavy metals in sewage environment. J Hazard 
Mater. 2021;402:123550. doi: 10.1016/j.jhazmat.2020. 
123550

[112] Ali H, Khan E. Trophic transfer, bioaccumulation, and 
biomagnification of non-essential hazardous heavy 
metals and metalloids in food chains/webs—Concepts 
and implications for wildlife and human health. Hum 
Ecol Risk Assess: Int J. 2019;25(6):1353–1376. doi: 10. 
1080/10807039.2018.1469398

358 M. J. STAPLETON AND F. I. HAI

https://doi.org/10.1016/j.ecoenv.2023.114533
https://doi.org/10.1016/j.scitotenv.2020.140479
https://doi.org/10.1016/j.scitotenv.2020.140479
https://doi.org/10.1016/j.scitotenv.2020.140638
https://doi.org/10.1016/j.scitotenv.2021.145643
https://doi.org/10.1016/j.scitotenv.2021.145643
https://doi.org/10.3390/ijerph20010042
https://doi.org/10.3390/ijerph20010042
https://doi.org/10.3390/ijerph20105868
https://doi.org/10.1016/j.scitotenv.2020.140916
https://doi.org/10.1016/j.scitotenv.2020.140916
https://doi.org/10.1016/j.scitotenv.2019.136276
https://doi.org/10.1016/j.scitotenv.2019.136276
https://doi.org/10.1016/j.envpol.2020.116278
https://doi.org/10.1016/j.envpol.2020.116278
https://doi.org/10.1016/j.ecoenv.2019.109852
https://doi.org/10.1016/j.jhazmat.2020.123550
https://doi.org/10.1016/j.jhazmat.2020.123550
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1080/10807039.2018.1469398

	Abstract
	1.  Introduction
	2.  Sources of microplastic pollution
	2.1.  Macroplastic fragmentation
	2.2  Nurdle spills
	2.3  Textile washing
	2.4.  Emerging sources
	2.4.1.  Tea bags
	2.4.2.  Plastic recycling facilities
	2.4.3.  Crumbed rubber in playgrounds
	2.4.4.  Covid-19 medical waste


	3.  Microplastics as acontaminant of concern
	3.1  Effect of microplastics on humans
	3.2  Effect of microplastics on fauna
	3.3  Effect of microplastics on flora

	4.  Microplastics as avector for contaminants of concerns
	4.1.  Mechanisms of microplastic–contaminant interactions
	4.2.  Polymer-specific factors that affect sorption capacity
	4.3.  Implications of microplastics acting as vectors for contaminants

	5.  Future perspectives
	6.  Conclusions
	Disclosure statement
	Funding
	Data availability statement
	Author contribution statement
	References

